Aim: Existing studies suggest that weight and body composition of parents influence the size and body composition of their offspring, but are often inconclusive and conducted by means of inappropriate body composition methodology. Our aim was to study infant size and body composition variables in relation to body composition variables of their mothers and fathers 5 in a well-nourished population using an accurate methodology. Results: Infant fat-free mass in grams was positively related (P≤0.007) to the fat-free mass in kilograms of the mothers (15.6 g/kg) and the fathers (9.1 g/kg). Furthermore, the fat mass of the daughters, but not of the sons, was positively related to the fat mass of the mothers (5.8 g/kg, P=0.007).
Introduction
Overweight and obesity in early life have negative effects on human health. It has been recognised for a long time that these conditions in childhood track into adulthood (1) and many studies show that birth weight and growth during infancy 30 are related to adult health (2, 3) , which motivates efforts to identify determinants of early growth. Furthermore, some studies (4, 5) , report associations between the body mass index (BMI) of mothers and infant birth weight and such an association has also been reported for fathers (6) . An implication of these studies is that overweight and obesity in parents, a serious and common health problem in many 35 populations, is positively associated with birth weight. This is a concern, since a high birth weight is associated with an increased obesity risk later in childhood and early adulthood (7) . It is also relevant to note that both the weight of newborns and their body composition -their fat mass and fat-free mass -may be of interest regarding obesity risk and health later in life (8) . However, the effect of obesity and overweight 40 in parents on the body composition of their infants is not well investigated. A few studies, for example (9) have reported that women with a high BMI have infants with increased body fatness. These authors (9) speculated that this increased fatness in infants born to women with a high BMI may be a risk factor for later obesity and perhaps relevant to future disease risk. However, interpretation of studies based on 45 BMI is difficult, since this measure reflects both the fat mass and the fat-free mass in the body. To our knowledge, accurate methodology has not been used to study the body composition of infants in relation to the body composition of their fathers. For corresponding studies in mothers, Butte et al used such methodology in women and their infants (10) but did not identify any relationship between maternal and infant 50 body fatness. However, this study may have been too small to identify the relatively weak relationships of relevance in a population perspective. Thus, this area requires further studies of sufficient size conducted using appropriate body composition 4 methodology. The aim of this study was to investigate relationships between body composition -fat and fat-free mass -of parents and their offspring. 55
Materials and Methods

Participants and study outline
A total of 1,530 couples from a well-educated middle-income population in Östergötland, Sweden, were asked to participate in the present study when visiting 60 a maternity health clinic because the woman was pregnant. Recruitment was conducted between 2008 and 2010 and 249 couples agreed to participate. Their body composition was assessed when the woman was in gestational week 32, with the date based on a routine ultrasound examination in gestational week 12, as previously described (5) . The body composition of their infants was assessed at the 65 age of one week. Only singleton and full-term infants of 37 or more gestational weeks at birth were included and we excluded 11 infants born prematurely, two who were not healthy, five who were born to a mother with preeclampsia and one born to a mother with gestational diabetes. Another 21 couples left the study. Thus the study included 209 parent-infant units. Five couples conceived by means of in vitro 70 fertilisation using their own eggs and sperm. One woman reported smoking during pregnancy. Excluding these six parent-infant units had minor effects on the results, did not alter the conclusions, and they were therefore included in the analysis. The study was conducted according to the Declaration of Helsinki and all procedures involving human subjects were approved by the Ethics Committee in Linköping, 75
Sweden. Informed consent, witnessed and formally recorded, was obtained from all parents.
Measurement of parents
Parents were investigated after an overnight fast. Height was measured with a wall 80 stadiometer to the nearest 0.5cm. Body weight and volume, based on air displacement plethysmography, were assessed using Bod Pod with software 4.2.4 (COSMED USA, Inc., Concord, CA, USA) as previously described (11) , and were used to calculate body density, which was converted to body composition based on the two-component model (12) . For the fathers we used the fat-free mass density 85 value 1.1 g/ml (12) and for the women we used the value of 1.092 g/ml, published by van Raaij et al (13) and recommended for women in gestational week 32 (14) .
Assessment of body volume by means of air displacement plethysmography requires a correction for thoracic gas volume (12) . We used the correction inherent in the Bod Pod software, a procedure with only marginal effects on body 90 composition results for men (12) or for women in gestational week 32 (11) .
Information regarding maternal smoking habits, parity, weight before pregnancy, gestational weight gain and education level was obtained using questionnaires administered at the time of measurement in gestational week 32 and at the infant measurement. Education level was classified into primary school (nine years), high 95 school (11-12 years) or a university degree.
Infant measurement
Infant length was assessed to the nearest 0.5cm using a length board.
Subsequently, infants were weighed without clothing and their body volume was 100 measured using air displacement plethysmography (Pea Pod, COSMED USA, Inc., Concord, CA, USA) (5). The Fomon model and Pea Pod software 3.0.1 were used to calculate body composition as previously described (5) . Fat-free mass index was calculated as fat-free mass (kg)/length (m) 2 and fat mass index as fat mass (kg)/length (m)
2
. Weight-for-age and length-for-age z scores were calculated using 105
Swedish reference data (15) . Infant birth weight and mode of feeding were recorded using questionnaires administered at the infant measurement. Mode of feeding was categorized into breastfeeding, breast and formula feeding or formula feeding.
Statistics 110
Data were analysed using multiple regression analysis (16) . Partial correlations (r) and regression coefficients (b) were calculated with infant length, weight, fat-free mass, fat-free mass index, fat mass or fat mass index as dependent variables.
Independent variables were fat mass (kg), fat-free mass (kg) and height of mothers and fathers and, to account for important confounders, infant sex, maternal parity, 115 infant gestational age at birth and infant age at measurement. Additional adjustments, including mode of feeding, maternal age and education level as independent variables, had only marginal effects on the results. Thus the results of such models are not shown. To identify sex differences, interaction terms were created by multiplying variables of interest by each other. Each term, for example, 120 mothers' fat mass multiplied by infant sex, was entered separately as an additional independent variable in the appropriate regression model. Results of all tested interactions are indicated in the text. When we identified a significant interaction between mothers' fat mass and infant sex, we carried out a separate analysis with fat mass and fat mass index of the boys or girls as dependent variables and 125 maternal fat mass (kg), fat-free mass (kg), height, parity and infant gestational age at birth and age at measurement as independent variables. Control of regression models showed that required assumptions such as existence, independence, linearity, homoscedasticity and normality, (16) were not violated. These models had no problems with multicollinearity. Differences between groups were identified using 130 the independent t-test. P<0.05 was considered statistically significant. All hypothesis tests were two-sided. Statistical analysis was performed using PASW Statistics 18 (IBM, Sowers, NY, USA) or Statistica software 9.1 (StatSoft Inc., Tulsa, OK, USA).
Values given are means and standard deviations (SD).
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Results
Characteristics of parents and infants
Parent data are presented in Table 1 . One (0.5%) father was underweight, 118 (56.5%) were normal weight, 72 (34.4%) were overweight and 18 (8.6%) were obese. The weight gain of the mothers during the entire pregnancy was 15 ± 5 kg. Infant data are 145 presented in Table 2 . Compared to boys, girls were significantly shorter and lighter and contained significantly more fat mass but less fat-free mass. Infants were exclusively breastfed (94.7%) or received breast milk and formula (5.3%). Table 3 shows results obtained when infant size and body composition variables were regressed on parents´ fat mass. We found no significant relationships between the fat mass of the mothers or fathers, on the one hand, and infant length, weight, fat-free mass, fat-free mass index, fat mass or fat mass index, on the other hand.
Body size and composition of infants in relation to parents' fat mass 150
However, a significant (P=0.034) interaction between the fat mass of mothers and 155 infant sex was found when the infants´ percent fat mass was the dependent variable (Table 3 ). The corresponding values for infant fat mass (g) and fat mass index were P=0.050 and P=0.058, respectively (Table 3) . No significant interactions between the fat mass of fathers and infant sex were found for infant fat mass or fat mass index (Table 3) . 160
For infant fat mass, the interaction between the mothers' fat mass and infant sex suggests a maternal effect that is different for sons and daughters. The relationships between the fat mass of the mothers and their infant boys and girls are shown in Table 4 . The fat mass of the mothers was positively associated with fat mass and fat mass index of daughters (P≤0.008), but not with fat mass or fat mass 165 index of sons (P≥0.77).
Body size and composition of infants in relation to parents' fat-free mass Table 3 were further adjusted for infant length (Table 3 ). There were no significant (P>0.10) interactions between mothers' or fathers' fat-free mass and infant sex for any of the relationships shown in Table 3 .
Discussion 180
Summation of the results
We identified a positive relationship between maternal and infant fat mass in oneweek-old girls but no other significant relationships between fat mass of parents and their infants. We also found that fat-free mass values, adjusted for height, of both mothers and fathers, were positively related to the fat-free mass of their infants. 185
These relationships remained significant when adjusted for infant length.
Comments on methodology and study population
In this study we used air displacement plethysmography, a technique able to assess body density in a valid and reliable way in human subjects with a large variation in 190 size (12, 17) . Such estimates can be used to calculate body composition using appropriate estimates of fat-free mass density (12) . The value of 1.1 g/ml is relatively accurate for the general population (12) and thus gives satisfactory results for adult male subjects. As recommended (14), we used the fat-free mass density of 1.092 g/ml, estimated by van Raaij et al (13) , for women in gestational week 32. A 195 study in healthy Swedish women has confirmed the capacity of this value to produce satisfactory body composition results at this stage of gestation (18) . A study by Ellis et al demonstrates the validity of air displacement plethysmography when assessing the body composition of infants (19) . Although prediction equations may introduce an error when estimating the thoracic gas volume of adult subjects, this error is 200 small and unlikely to influence our body composition results in any important way (11, 12) .
The parents in our study had similar BMI values -means and SDs -as those in a similar group of subjects (5). The proportions of overweight or obese women, both in the present and the previous study (5) were slightly lower than the 205 corresponding figures for Swedish women in general. Weight and length of our infants were in agreement with Swedish reference data (15) and their body composition was similar to comparable data for Swedish infants (5). The proportion of breastfed infants was high, as is common in Sweden.
210
Fat mass of infants in relation to fat mass of their parents
Our observation that maternal fat mass was related to fat mass in girls but not in boys can be reconciled with previously reported results. It may well be that previous observations regarding a high body fatness of infants born to women with a high BMI (9) can be explained by a relationship between maternal fat mass and fat mass 215 in girls. It should also be noted that when boys and girls were analysed together, we did not find any significant relationships between maternal and infant fat mass, which is in agreement with the results of Butte et al (10) . Furthermore, in a study on women with gestational diabetes (20) , a relationship between maternal BMI and infants´ fat mass was found for daughters but not for sons. This sex difference may 220 indicate that maternal fat mass influences male and female fetuses differently. A recent study by Roland et al (21) showed that the plasma glucose concentration of pregnant women is related to the placental weight of daughters but not of sons, an interesting finding since weight of the placenta is commonly associated with its capacity to transfer nutrients. This sex difference is of interest in relation to our 225 findings and, as discussed by Roland et al (21) , it may explain a previous observation regarding a difference between boys and girls with respect to the relationship between fasting plasma glucose of pregnant women and infant birth weight.
The significance of the observed relationship between maternal and infant fat 230 mass in girls is unknown. Unpublished results from the present cohort show that this relationship could still be identified when the girls were 12-weeks-old, although then it was slightly weaker. This is not surprising, since many factors may influence body fatness after birth including energy intake, body weight regulation capacity and other genetic and environmental factors. Few studies have investigated the relationships 235 between body fatness at birth and later in life, and one study which did so found only a weak relationship (22) . Nevertheless, the observed relationship may be important in relation to future disease risk. Thus, further follow-up is warranted to investigate relationships between mothers and daughters regarding their fat mass. In this context it may be noted that periconceptional overnutrition in ewes was related to 240 body fatness in female, but not in male offspring approaching sexual maturation (23) .
Fat-free mass of infants in relation to fat-free mass of their parents
Our results have confirmed reports showing that the fat-free mass of mothers is 245 positively related to the birth weight of their infants (24) . Futhermore, our study contributed additional information since we demonstrated that it was the fat-free mass, rather than the fat mass, of infants that is related to the maternal fat-free mass. In addition, neither the relationship between fat-free mass of fathers and infant birthweight, nor that between fat-free mass of fathers and of infants has been 250 reported previously. In this context it is relevant to point out that fat-free mass is defined in terms of its contents of water, protein and mineral (19) , and cannot be interpreted in terms of organs and tissues. The magnitude of the effect of parental fat-free mass on infant weight and fat-free mass was larger for mothers than for fathers. The partial regression coefficients (b), relating maternal values to infant 255 weight and fat-free mass (Table 3) , were 165% and 171%, respectively, of the corresponding values for fathers. A previous report showed that the weight of mothers had more influence than the weight of fathers on infant birth weight (25) .
We suggest that such differences between mothers and fathers are due to the intrauterine influence on fetal growth. The mechanisms linking parental fat-free 260 mass to infants´ fat-free mass are so far unknown, for mothers as well as for fathers, but it is likely that genetic factors are important.
A possible and important implication of our results is that the previously reported relationship between mothers' BMI and infant birth weight (4, 5) was due to a large extent to an effect of the mothers´ fat-free mass rather than to an effect of 265 their fatness. We do not know the significance of our finding regarding a relationship between mothers´ and infants' fat-free mass, or regarding the corresponding relationship for fathers and infants, since there are few studies reporting relationships between fat-free mass at birth and fat-free mass later in life. Crozier et al reported positive relationships between fat-free mass at birth and at six-years-of-270 age (22) which, according to our knowledge, is the longest follow-up period of fatfree mass birth data. However, it has been shown that birth weight, which is mainly fat-free mass, is positively related to the amount of fat-free mass in the body later in life (3) a relationship that has been suggested to be the link between birth weight and later obesity and cardiovascular disease, the Barker hypothesis (26) . It should 275 also be noted that a low fat-free mass index has been found to be an independent risk factor for all-cause mortality in adulthood (27) . Therefore, it is conceivable that the relationships we have identified between parents' fat-free mass (adjusted for height) and infants' fat-free mass (adjusted for length) are important regarding human health. 280
Relevance in a population perspective
The relationships presented in Tables 3 and 4 demonstrate the magnitude of the effect of variations in parental body composition on infant fat-free mass and fat mass. Thus fat-free mass of infants was positively related to the fat-free mass of the 285 mothers (15.6 g/kg) and fathers (9.1 g/kg), while the fat mass of the infant girls was positively related to the fat mass of their mothers (5.8 g/kg). These effects of variations in parents´ body composition may appear small. However, since the variations in parents´ fat-free mass and mothers´ fat mass are considerable ( Table   1 ) we suggest that the relationships we have identified may be potentially relevant 290 from a population perspective, thus motivating further studies in this area.
Strengths and limitations
To our knowledge, this study is the largest to date to investigate relationships between maternal and infant body composition. Its size made it possible to identify a 295 sex difference regarding the relationship between maternal and infant fat mass.
Also, we believe it is the first to investigate relationships between body composition of fathers and their newborn infants. Other strengths are that we measured body composition instead of using BMI or skinfolds and that pregnant women and infants were measured within a narrow time frame. This is especially important in 300 newborns, who undergo rapid changes in size and body composition (5, 15) .
A possible limitation is that the fetus is part of the woman's body in gestational week 32. Fetal weight and fat content in gestational weeks 31-32 are approximately 1.65 ± 0.17 kg (28) and 6% (29) , respectively. Hence, the average 13 contribution of fat mass, around 100 g, from the fetus to the total fat mass of a 305 woman at this stage of gestation is only about 0.4%. The variation in fetal weight (SD=0.17 kg) (28) was small in relation to the variation in fat-free mass (SD=5.3 kg) in our women in gestational week 32. Thus, it is unlikely that the contribution of the fetus to the fat and fat-free mass of our women affected the relationships we identified in this study in any important way. It is also impossible for us to 310 differentiate between the effects of preconceptional body composition and body composition changes during pregnancy. However, using published data (28) we found that fat mass, as a percentage as well as in kg, and fat-free mass (kg) before pregnancy were closely correlated (r≥0.9) to the corresponding values in week 32. A potential limitation is that some fathers in our study may not have been the biological 315 fathers. We consider this problem unimportant since our study included collecting DNA from both parents, who were of course informed of that before participation.
Furthermore, paternal discrepancy, such as when a child is identified as being biologically fathered by someone other than the man who believes he is the father, is not very common, especially not in populations with high socioeconomic statuses 320 such as ours (30) . It is relevant to mention that we conducted many statistical tests, creating a risk for type one errors. Thus the sex difference regarding the relationship between maternal and infant body fatness reported in Table 4 Data are means ± SD or n (%). BMI, body mass index.
* Based on a routine ultrasound examination in approximately gestational week 12. † Weight before pregnancy was 66 ± 10 kg (self-reported). ‡ BMI before pregnancy was 23 ± 3 kg/m 2 , calculated using self-reported weight. § Self-reported ) calculated from partial r, and the P value (P) are given for each relationship.
Independent variables in all models are: Fat mass (kg), fat-free mass (kg) and height of mother, maternal parity (0 or ≥1) and infant gestational age at birth and age at measurement. † Body composition (fat mass and fat-free mass) was measured when mothers were in gestational week 32.
